For the first time, several silicate glass property databases were analyzed without using any a priori knowledge of the details of bonding and lumped as a single group, as a function of the chemical composition. The viscosity of over 300 compositions including soda-lime glasses, borosilicates, glasses with high alkaline earth content, NIST glass viscosity standards, lead silicates, fluorosilicates, and phospho-silicates have been examined. Using multiple regression modeling, linear and multiplicative relations between the chemical composition and several properties, e.g. viscosity, thermal expansion, density, refractive index, electrical conductivity were developed. In this paper the modeling of the viscosity versus composition is discussed. The 
INTRODUCTION
This study was started within the framework of a larger project of the NSF Industry/University Center for Glass Research (CGR) to provide the glass industry a database and a method for calculating the properties of technical glasses within the composition and temperature limits of interest, as pioneered in the 19 th century by Winkelmann and Schott [1] and summarized recently by Priven and Mazurin [2] . As part of it, the viscosities of 150 industrial glass variations (including float, container, low-expansion borosilicate, TV panel, wool, and textile fiber glasses) have been determined between log( /Pa s) = 1-12 by various groups. A statistical regression analysis of the results was extended to the data given by Lakatos [3] , the NIST viscosity standards SRM 710A, 711, and 717A, as well as viscosity data of Owens-Illinois Glass Company [4] , and Allison & Turner [5] . Common to all sources mentioned is the observation that industrial compositions were investigated systematically, in addition to providing a chemical analysis of the glasses.
group, supplied by CGR member companies, twenty-four further composition variations per group were selected using a Plackett-Burman design based on weight percent. The concentration limits and all oxides of interest were given by CGR member representatives [6] . The glass preparation is described in [6, 7] .
Viscosity measurements
The viscosity curve over log( /Pa s) = 1-12 was determined by three methods: 1) Beam bending, log( /Pa s) = 10-12, by J. E. Shelby, Alfred University, Alfred, NY 2) Parallel plate, log( /Pa s) = 6-9, by A. Fluegel The principles of the parallel-plate viscometry are described by Varshneya [9, 10] , and details of this study are given in [7] . The beam bending and cylinder rotation measurement procedures, as well as all 150 analyzed glass compositions are summarized in [6] . The viscosity data are listed in Tables VI-VIII. Data at log( /Pa s) = 6.6 for two alkali-free borosilicates with ~ 20 mol% SiO 2 were included in this work at log( /Pa s) = 6.6 for testing the extension to wider glass composition areas in later studies.
STATISTICAL DATA ANALYSIS
All concentrations in the databases were converted to mol%, from the original numbers in wt% and molar fraction. The viscosity values were fitted for each investigator separately to the Vogel-Fulcher-Tammann equation (VFT), i.e., the three sources in [6] were not combined for enabling trend and offset analysis. The fits described the experimental data well. Following the VFT fits, for all glasses the temperatures of constant viscosities (isokom) were calculated for log( /Pa s) = 1.5, 6.6, and 12.0 (~Tg). The cylinder rotation measurements done by C. A. See et al. at PNNL [6] had to be analyzed with exceptional care, firstly because the original data vary significantly in the viscosity levels examined for log( /Pa s) < 2.6, and secondly because the number of datapoints was only 2-4 for each glass. If 3 or 4 datapoints were reported to cover the range around log( /Pa s) = 1.5 ± 0.25, a VFT fit was used, else a linear fit with 2 datapoints was employed. In ~20% of all cases however the reported viscosity levels were far off from log( /Pa s) = 1.5. Then, a datapoint from parallel plate measurements at log( /Pa s) = 6.0, obtained by Fluegel and Varshneya at Alfred University [6], was included in the VFT fit. As a result, the cylinder rotation measurements done at PNNL may appear less accurate than other data.
Multiple regression model type and factors
A slack-variable model with variable intercept including multiplicative interactions and excluding silica was used (Eq. (1) [11] . The independent variables were the concentrations in mol% (single-component factors) and the multiplicative interactions (interaction factors); the dependent variables were the isokom temperatures in o C for log( /Pa s) = 1.5, 6.6, and 12.0. No squared terms were considered because of correlations with single-component factors.
K0-K3 in the model equation Eq. (1) are the coefficients, with K0 being the intercept, K1 the single-component coefficients, K2 the coefficients of two-component interaction coefficients, and K3 the coefficients of three-component interactions. The variable n in Eq. (1) is the total number of glass components (excluding silica); j, k, and m are individual numbers of the glass components, and C are the concentrations in mol%.
The difference (observed -calculated) value is defined as residual.
The model type used in this study implies that all glasses are based on silica. In other words, all single-component and interaction coefficients in this work are in fact interaction coefficients with silica. Therefore silica-free glasses might not fit into this study. The single-component factors in this work and the concentration limits for the model at log( /Pa s) = 6.6 are summarized in Table I . The models at log( /Pa s) = 1.5 and 12.0 have * All water concentrations listed in Table I The interaction limits need to be considered before any calculation.
Dataset-specific correction factors
To the six datasets analyzed in this study (Shelby, Fluegel, See, Lakatos, Owens-Illinois, Allison), dataset specific correction factors were assigned:
Trend correction:
All dataset-specific correction coefficients K DT and K DO were set to zero in the beginning. In case the data analysis described below resulted in significant trends or offsets of the residuals vs. the observed values, either K DT or K DO per dataset were allowed to vary. K DT and K DO were never varied simultaneously for one dataset because of strong correlation.
Modeling procedure
Before starting the multiple regression calculation, all single-component and interaction factors were checked for linear correlations (Pearson's matrix). Strongly correlated factors with absolute correlations > 0.8 were excluded from the model according to the hierarchy, the frequency of C > 0.5 mol%, and the factor average over all glasses. This procedure reduced the ~90 considered variables to ~55.
Multiple regression analysis was done in the programs MCA (Nextbridge Softwares, version 1999), as well as SPSS (Standard version for Windows, release 11.5.0, 6 Sept 2002, LEAD Technologies Inc).
Factors were excluded stepwise from the model if there was less than a ~95% confidence level in their significance (t-value < 2). After exclusion of all insignificant factors, the datasets were checked for trends (i.e. if the residual depended on the viscosity) and offsets (i.e. if the average of all residuals for one dataset was significantly different from zero). Trends and offsets in datasets were considered by corresponding dataset-specific correction factors according to Eq. (2) and Eq. (3), and summarized in Table II . Next, outlying data were analyzed. If the residual was larger than three times the model error, i.e. if the standardized residual was larger than three, the value was considered an outlier and deleted from the model. Finally, the complete modeling procedure was iterated, beginning from the correlation analysis until no further outlier could be found. Table II shows the dataset properties, e. g. the total number of glasses and viscosity levels investigated, trends, offsets, etc. In addition, Table II presents the standard deviation σ of all residuals per dataset, which is related to the dataset consistency within itself, i.e., its precision. The dataset specific correction factors, combined with the percentage of outliers per dataset, and the standard deviation of all residuals per dataset give an estimate of the comparability of a dataset in relation to other datasets, i.e. the total dataset quality. Tables III, IV , and V list all significant coefficients, as well as their standard errors, t-values, and excluded strong correlations > 0.8. Insignificant factors and their correlations are not mentioned. The t-values reveal the factor significance; the standard errors reflect the coefficient accuracy. The excluded strong correlated factors might be significant in reality, but the mentioned interferences make it impossible to detect them based on the used composition matrix. Therefore any correlated factor coefficient is the sum of all correlated influences, whereby the most important one is stated as the factor name.
RESULTS
The coefficients in Tables III, IV , and V are valid only within the concentration and interaction limits stated in Table I Viscosity prediction; a calculation example Since Eq. (1) and the large number of coefficients in Tables III, IV, 1) The standard 710A is known to be a homogeneous, clear glass, which is a condition for applying the models in this paper. 2) Next, the glass composition in mol% is obtained from the certificate. The mol% composition is: 71. Table III do not apply for 710A. Since no coefficients are mentioned in Table III for TiO 2 , Sb 2 O 3 , and As 2 O3, those minor components must be neglected for the isokom calculation at the viscosity level log( /Pa s) = 1.5. The same procedure has to be repeated with the coefficients from Tables IV and V. It should be noted that in Table III multiplied by the corresponding mol% composition. The result is: 1294.95 + 0.761×1.31×8.25 + 0.215×9.62×8.25 = 1320, which is the temperature in o C at which the viscosity of the glass 710A is predicted to be log( /Pa s) = 1.5. 6) Similarly for log( /Pa s) = 6.6 we obtain 727 o C using the coefficients in Table IV , and for log( /Pa s) = 12.0 we obtain 546 o C using the coefficients in Table V. 7) By fitting the three temperature-viscosity points from step 6) to the VFT equation, we attain the complete viscosity curve: log( /Pa s) = -2.753 + 4625 / (T in o C -232.5). Those findings are the same as the data in the original NIST certificate within the range of the model errors established in this work.
Compared to viscosity data of investigators not included in this study [16] [17] [18] [19] , the models in this work result in the same findings approximately within the error ranges stated in Tables III-V. 
DISCUSSION
The principle of the viscosity models presented in this study is proposed as a basis for the systematization of glass property data in the literature. To the authors' knowledge, the models in this paper are based on more data than in any previous work, without having any a priori knowledge of the details of bonding, e.g. as in [13, 14] . The models presented are mathematical in principle, and as a result they are able to incorporate various glass structures. For technical glasses the models in this study are superior to previous works [3, 7, 11, 15, 16] by maintaining or improving the prediction accuracy, and/or by extending the composition area covered, and through an advanced data analysis technique.
Multiple regression on mol% basis allows separating various influences: The interaction coefficients in combination with those for single components confirm that glass is neither an ideal random mixture of its components, nor a perfectly stoichiometric chemical compound, Viscosity values of investigators in the literature that fall into the composition and interaction ranges of this work, but with viscosity isokom residuals larger than three times the model errors in Tables III, IV , and V may be questionable and should be analyzed further.
The large offsets in the data from Allison & Turner [5] , determined in the models presented in this work (Tables III, IV, V) , need further examination despite appearing to be thorough. Little is said regarding the calibration of the Pt/Pt-Rh thermocouple data acquisition system and pyrometer used. Also, no viscosity standard had been established yet by the time the paper [5] was published. The two trend coefficients in Table II are just on the limit to be significant, and it is hardly possible to distinguish them from offset corrections of ~5 o C. Consideration of additional viscosity-composition data could result in further improvements. The combination of trend and offset to a linear correction may be advisable in future studies.
The single-component coefficients in this model have the unit K/mol%; they correspond to the temperature change (+/-) needed by an increase of 1 mol% oxide in exchange for 1 mol% SiO 2 to maintain the same viscosity. E.g. if at the glass softening point (log( /Pa s) = 6.6) 1 mol% MgO is introduced into a silicate glass in exchange for 1 mol% SiO 2 , the temperature may be increased 4 o C for maintaining the same viscosity due to MgO, plus further variations due to MgO interactions.
The model intercepts K0 are supposed to represent the viscosity isokom temperatures of the residual comprising mainly SiO 2 , and traces of minor components not considered here, such as H 2 O, fining agents, transition element oxides etc. Glasses with silica concentrations above ~85 mol% do not fit into this study (Table I) .
Lakatos [3] was one of the first to estimate single-component influences over wide temperature ranges through a solely mathematical model with remarkable success. By including 2-, and 3-component interactions, our model is a step forward in expanding the compositional range over which glass properties may be estimated.
There are some interesting single-component influences observed in Table V . For instance, in the glass transformation range, BaO should not influence the viscosity whereas SrO should. This is supported by re-plotting experimental data of twenty-five TV panel glasses, all containing SrO and/or BaO within limited composition ranges, taken from Ref [6] . Linear relations applicable for log( /Pa s) = 6, 7, 8, 9, 10, 11, and 12 from these data were constructed and the viscosity isokom coefficients calculated. The results, shown in Figure 1 , support the premise that BaO and SrO influence viscosity less and less at lower temperatures; SrO substituting for SiO 2 may even increase the viscosity around Tg. 
Fig. 1: Linear viscosity isokom coefficients of SrO and BaO in TV panel glasses
The fact that CaO increases the viscosity around Tg, but MgO decreases it, is supported by Lakatos [3] . One may wonder why substitutions by ZrO 2 have an insignificant influence at log( /Pa s) = 1.5 but significant, on the other hand, at higher viscosities. The ZrO 2 concentrations in this study may be too low for a detailed analysis of the ZrO 2 influence.
For direct comparisons of single-component coefficients with interaction coefficients it is necessary to calculate the square root for two-component interactions, and the cube root for three-component interactions respectively. Because many interactions had to be excluded in this work due to correlations, a model extension to additional glass composition-viscosity data is advisable.
The well-known boric oxide anomaly is represented in the models through the B 2 O 3 *Na 2 O and B 2 O 3 *K 2 O interactions. It is known, for instance see Akimov [22] , that the increase in viscosity due to alkali additions around 13 mol% (a characteristic of "the boric oxide anomaly") decreases with increasing temperature. This gradual disappearance of boric oxide anomaly at higher temperatures is clearly substantiated by examining the B 2 O 3 *Na 2 O interactions listed in Tables III, IV and V which, actually, become negative around log( /Pa s) = 1.5. Besides boric oxide, Al 2 O 3 also shows strong interactions, even though the Al 2 O 3 concentrations are mostly low (Table I) . Additional research is required. The well-known "mixed alkali effect" could not be analyzed so far because the influence of K 2 O and the Na 2 O*K 2 O interaction could not be isolated within the composition matrices used here. The influence of Fe x O y could not be separated into the component contributions of the various oxidation states because of limited data.
The successful incorporation of two alkali-free borosilicate glasses mentioned in the introduction with C(SiO 2 ) ~ 20 mol% into the model at log( /Pa s) = 6.6, may demonstrate further potential of the technique established here. The influence of the two glasses on the model result was insignificant (Cook distance < 0.02). Even though the chemical compositions were very uncommon, it was still possible to relate them directly to "ordinary" industrial soda-lime glasses and borosilicates through the modeling procedure. To the authors' knowledge, this was not done before without structural assumptions.
It is possible that the models presented in this study could be refined by including even those glass property data where only the batched composition is known. In particular, a large volume of Tg data could be incorporated. According to Priven [13] , traditionally reported Tg for glasses may be approximated to log( /Pa s) ~ 12.3 and the current model could be shifted from log( /Pa s) = 12.0 to 12.3 for use in the industry.
Future extensions may also include changing to a canonical model* to describe all existing glasses, including non-oxide glasses.
CONCLUSIONS
This study is proposed to be a first step to modeling of glass properties on a global basis. In this paper, the viscosity of a large number of silicate glasses with widely varying compositions have been modeled in terms of single component influence and mutual interactions. Some important glass components are not included as yet. A number of interactions are correlated too strongly for analysis within the composition ranges covered. Notwithstanding these shortcomings, success is demonstrated in the estimation of viscosity from chemical composition
